Extracellular neurotransmitter concentrations vary over a wide range depending on the type of neurotransmitter and location in the brain. Neurotransmitter homeostasis near a synapse is achieved by a balance of several mechanisms including vesicular release from the presynapse, diffusion, uptake by transporters, nonsynaptic production, and regulation of release by autoreceptors. These mechanisms are also affected by the glia surrounding the synapse. However, the role of these mechanisms in achieving neurotransmitter homeostasis is not well understood. A biophysical modeling framework was proposed, based on a cortico-accumbens synapse example case, to reverse engineer glial configurations and parameters related to homeostasis for synapses that support a range of neurotransmitter gradients. Model experiments reveal that synapses with extracellular neurotransmitter concentrations in the micromolar range require nonsynaptic neurotransmitter sources and tight synaptic isolation by extracellular glial formations. The model was used to identify the role of perisynaptic parameters on neurotransmitter homeostasis and to propose glial configurations that could support different levels of extracellular neurotransmitter concentrations. Ranking the parameters based on their effect on neurotransmitter homeostasis, nonsynaptic sources were found to be the most important followed by transporter concentration and diffusion coefficient. Synapse 66:608-621, 2012. V V C 2012 Wiley Periodicals, Inc.
INTRODUCTION
Maintenance of accurate levels of in vivo extracellular neurotransmitter concentration is critical for several neurological processes such as migration and differentiation of brain cells during development (LoTurco et al., 1995; Manent and Represa, 2007; Nguyen et al., 2001 ) and for synaptic plasticity (Featherstone and Shippy, 2008) . For monoamine-, acetylcholine-and purine-type neurotransmitters, extracellular concentrations are maintained by synaptic release and are usually at low levels (<100 nM; van der Zeyden et al., 2008) . On the other hand, amino acid-type neurotransmitters, such as glutamate and GABA, have synaptic and nonsynaptic sources (Reissner and Kalivas, 2010) to maintain higher extracellular concentration levels. Recent reports suggest that nonsynaptic extracellular neurotransmitter concentration influences synaptic signaling (Kalivas, 2009; Reissner and Kalivas, 2010) . For the case of glutamate, based on the measurement technique and the brain region, estimates of the extracellular concentrations reported vary from 25 nM (Herman and Jahr, 2007) to 5 lM (Baker et al., 2003; Bouvier et al., 1992; Day et al., 2006; Moussawi et al., 2011; Nyitrai et al., 2006) , and there is lack of consensus among groups about the extracellular levels. Several mechanisms, including neurotransmitter diffusion into the perisynaptic space (defined as the cleft and region near the synapse) after release, binding/uptake by transporters present on glial sheaths, nonsynaptic production of neurotransmitters, and activation of autoreceptors that regulate release, are responsible for maintaining neurotransContract grant sponsor: United States Public Health Service; Contract grant numbers: DA015369, DA03906 (PWK), and subcontract from DA015369 to University of Missouri (SSN) mitter concentration within certain ranges (homeostasis) in the perisynaptic and extracellular regions. The existence of numerous nonlinear mechanisms makes the characterization of homeostasis difficult for such synapses. This motivated the development of a computational model to provide insights related to homeostatic conditions for synapses, which supported gradients in neurotransmitter concentrations between the synaptic cleft and the extracellular space (referred to hereafter as ''neurotransmitter gradients''). The model is for a general synapse and neurotransmitter and is valid for any extracellular concentration level.
Previous modeling studies related to glutamate have focused on neurotransmitter time courses in the synapse based on receptor (AMPA/NMDA) activation (Clements, 1996; Diamond and Jahr, 1997) and on determining the accessibility of synaptically released glutamate to the extracellular space by considering diffusion out of the synapse and elimination by glutamate transporters (Barbour, 2001; Diamond, 2005; Franks et al., 2002; Rusakov, 2001; Rusakov and Kullman, 1998) . Although these models established guidelines for neurotransmitter profiles and time courses, they did not focus on possible glial configurations and parameters that controlled perisynaptic and extracellular neurotransmitter levels under homeostatic conditions in presence of both synaptic and nonsynaptic neurotransmitter sources. Pendyam et al. (2009) reported a computational model of glutamate homeostasis in the cortico-accumbens synapse that incorporated the mechanisms cited. The model provided a specific glial configuration that supported gradients in glutamate concentration observed after chronic cocaine. This study used the computational framework to develop other possible glial configurations for a general class of synapses. We considered a cortico-accumbens glutamatergic example case synapse, and asked-What glial configuration can support neurotransmitter gradients during normal synaptic functioning without desensitizing synaptic receptors? How do perisynaptic parameters such as diffusion, transporter density and distribution, molecules per release, and nonsynaptic production rate, affect homeostasis around a synapse? The insights gained from such a reverse engineering approach was then used to predict glial configurations for a general class of synapses that support neurotransmitter gradients.
METHODS
An example case of a cortico-accumbens synapse was used to illustrate the proposed computational framework. We developed a continuous finite-element partial-differential equation model to simulate diffusion in an idealized volume surrounding a glutamatergic cortico-accumbens synapse. The model was developed using C11 software (Microsoft Visual Studio 2005, WA) , and an integration time step of 0.5 ls was used. The model was simulated for a total of 6 sec to achieve homeostasis. Each model experiment took 30 min on Linux-based cluster.
Model inputs and baseline parameters
Baseline physiological parameters, for example, cortico-accumbens synapse were obtained as reported in the literature and some estimated from other models.
Molecules per release and firing frequency
Each action potential (resulting from the firing frequency and release probability) in the model resulted in an instantaneous vesicular release into the cleft. The molecules per release for glutamatergic synapses ranged from 4700 to 10,000 (Bruns and Jahn, 1995) , and this was the range used in the study (Table I) . For the glutamatergic cortico-accumbens synapse considered, basal presynaptic firing frequency ranges from 1 to 3 Hz (Trantham et al., 2002) , with burst frequencies reaching up to 15 Hz (high frequency state; Chang et al., 1997; Peters et al., 2005; Sun and Rebec, 2006) .
Presynaptic regulation of release probability
Release probability is regulated following the stimulation of presynaptic autoreceptors (e.g., mGluR2/ 3-glutamate, GABA B -GABA, and D 2 -dopamine; Billups et al., 2005; Dietrich et al., 2002; Losonczy et al., 2003; Squire et al., 2002) , which are located outside the synaptic cleft (Alagarsamy et al., 2001 ). The average synaptic release probability typically ranges from 0.1 to 0.5, with maximum release probability estimate for cortico-accumbens synapse being at $0.4 (Ding et al., 2008) . Using in vivo microdialysis, it has been shown that blocking mGluR2/3 elevates extracellular concentrations of glutamate (Wolf, 2010; Xi et al., 2002) indicating that partial tone exists on mGluR2/3 regulating glutamate release. In the proposed model, presynaptic tone on mGluR2/3 was computed as release probability. GTPgS binding revealed that G protein signaling by stimulating mGluR2/3 increased as a logarithm of agonist dose (Xi et al., 2002) , and hence, the relationship between release probability and autoreceptor occupancy was modeled as a logarithmic function. Using this, the autoreceptor function for mGluR2/3 was modeled as a change in release probability between 0.08 (100% occupancy) and 0.4 (0% occupancy; maximum release probability; Table  I ). The release probability was calculated by measuring the average neurotransmitter concentration around mGluR2/3 receptors for 300 ms prior to release. The basal level of glutamate in the vicinity of perisynaptic mGluR2/3 was adjusted to 0.2 lM in the present model to produce $50% occupancy (release probability of 0.14; Billups et al., 2005) based upon the range of dissociation constant (k d ) values reported for the receptor (0.1-0.3 lM; Schoepp and True, 1992) .
Diffusion
Diffusion is nonhomogenous and anisotropic in the extracellular space. The size and irregular geometry of the diffusion channels differ substantially around individual cells and this directs the movement of several neuroactive substances in the extracellular space (Sykova, 2004) . Diffusion in the extracellular space is typically characterized by volume fraction a void space/total tissue volume) and tortuosity k (hindrance to diffusion imposed by local boundaries or local viscosity; Murthy and Sejnowski, 1997) . Volume fraction a in brain tissue is estimated to be around 0.2 (Nicholson and Sykova, 1998) . Tortuosity k is estimated to be 1.2-2.4 based on diffusion measurements over a range of 100-300 lm (Nicholson, 2001) . Tortuosity is a composite parameter that contains a significant geometrical component, although other factors such as interstitial viscosity may contribute to it (Tao et al., 2005) . A lower diffusion coefficient than water (<1 lm 2 /ms) is attributed to the microscopic viscous drag on the diffusing molecule at atomically fine spatial scales. This would include molecule interactions with proteins and microfilaments in the ECS. The additional interactions that the molecules have with larger scale diffusion barriers such as spines, small axonal boutons, and glia fall under geometric tortuosity. This is not accounted for in the diffusion coefficient, (D). A microscopic diffusion coefficient in the range 0.05-0.41 lm 2 /ms (Saftenku, 2005) was considered.
Transporters
Neurotransmitter concentration in the perisynaptic region is controlled by high density transporters present on the glia (e.g., for glutamate and GABA) or on the presynapse (e.g., for dopamine, norepinephrine, and serotonin; Squire et al., 2002) . These transporters eliminate excess neurotransmitter diffusing out of the cleft and maintain appropriate concentrations (Danbolt, 2001; Tanaka et al., 1997) preventing excitotoxicity. The glial membranes that are closest to the synapse have a higher expression of transporters (Cholet et al., 2002) with larger numbers on the postsynaptic side (Lehre and Rusakov, 2002) . Glutamate transporters (EAATs-GLAST and GLT; collectively termed XAG) are present on glial membranes (Danbolt, 2001 ) with surface densities ranging from 2500 to 10,000 molecules/lm 2 .
Nonsynaptic neurotransmitter sources
As noted earlier, the extracellular composition of glutamate is derived from both synaptic and nonsynaptic sources (van der Zeyden et al., 2008) . Different types of nonsynaptic sources of glutamate (e.g., cystine glutamate exchanger, xc-; Baker et al., 2003; Bridges, 2011) contribute to the extracellular neurotransmitter concentration. Wyatt et al. (1996) estimated the exchange rate for xc-system to be 450 lmol l 21 h 21 based on cerebellar slices (density of xcis higher in the cortex by a factor of 2.4; Warr et al., 1999) . The increase in glutamate concentration in the extracellular space (with a volume fraction 0.12) would be at a rate of 450 3 2.4/(0.12) lM h 21 5 9 mM h
21
. Because extracellular concentration in XAG was volume populated on glial sheaths G 1 , G 2 , and G 3 with surface density of 1400, 1000, and 500 molecules/lm 2 for configuration 1. Same surface density was for sheaths G 1 , and G 2 in configurations 2 and 3. 2500-10,000 (Bergles and Jahr, 1997; Lehre and Danbolt, 1998) accumbens is two-fold higher than that in the cortex (Baker et al., 2003) , we assumed xc-production rates between 10 and 55 mM h 21 in the accumbens.
Framework for modeling a class of synapses
Based on electron micrograph studies of perisynaptic environment of hippocampal area CA1 (Rusakov and Kullman, 1998) , Rusakov (2001) proposed a mathematical modeling framework. The present study uses the framework proposed. Figure 1 represents a 2D schematic of model. The 3D model can be reconstructed by rotating the 2D schematic along the axis perpendicular to the cleft. The perisynaptic environment in the model consisted of two rigid hemispheres representing the preand post-terminals of the synapse (see Fig. 1 ), with radius r 5 160 nm, and a separation of d 5 20 nm (synaptic cleft; Diamond, 2005; Rusakov, 2001; Rusakov and Kullman, 1998) . Around this synapse were 40 concentric 25-nm-thick spherical shell compartments (i 1 -i 40 ) resulting in the outer boundary of the perisynaptic region modeled being at a distance of 1 lm from the edge of the synapse. Each shell was divided into nine compartments (208 angle increments, j 1 -j 9 ) circumferentially, permitting XAG and xc-concentrations to be assigned individually to each compartment of any shell. For the outermost shell, e.g., i 5 40, the boundary condition of flux 5 0 was imposed at the outer edge of all compartments, to simulate identical neighboring synapses. That is, no flux entered or left the outer boundary of this shell.
Glial coverage
Based on computer-assisted three-dimensional reconstructions of five different central excitatory synapses, Rollenhagen and Lubke (2006) have shown that glial processes are in close proximity to nerve terminals. They reported notable differences with respect to the ensheathing of the synaptic complex by glial processes depending on the brain region, with coverage varying between 8% and 90%. Certain synapses are tightly ensheathed by glial processes (Sykova, 2004) , for example, cortical input synapses that are completely isolated from the surrounding neuropil, and close to 90% of cerebellar synapses are ensheathed. Also, some synapses have little glial ensheathment, e.g., hippocampal mossy fiber-CA3 synapses.
Because of the large (4-5 lM) extracellular neurotransmitter concentration for our example corticoaccumbens synapse, we considered multiple glial sheaths, i.e., tighter ensheathment of the synapse. However, lower extracellular neurotransmitter concentrations require far less glial coverage as described in ''Results'' section. The glial environment modeled is a geometric equivalent of the hindrance to molecules offered by dendritic spines, small axonal boutons, and glia. The thickness of glial sheath was reported as 100 nm (Rusakov, 2001) to reflect the minimum width of glial profiles observed in electron micrographs. In the proposed model, glial structures were created by volume populating XAG and xc-in the spherical shells surrounding the synapse. Two concentric shells (G iA and G iB ; i 5 1-3; see Fig. 1 ) were combined to form a glial sheath (of 50 nm thickness) with the surface between them modeled as impermeable, i.e., flux across this surface is zero. The individual glial sheath (G i in Fig. 1 ) structure was akin to that previously reported in the literature (Mohan et al., 2010; Pendyam et al., 2009; Rusakov, 2001 ), but the configuration itself is different ( Fig. 1 ) in its orientation, placement, and number of glial folds. The nonsynaptic release sites, xc-, were modeled as being located on the outer surface of arates the two hemispheres of radii r 5 160 nm, surrounded by glial sheaths (G i , i 5 1-3; i 5 1 being the closest to the synapse) with the highest density of transporters in G 1 and decreasing in radially outward sheaths. Each sheath was 50 nm thick with an impermeable surface in the middle, and with transporters volume populated in the 25-nm thick space on either side, permitting interaction with neurotransmitter molecules. xc-was volume populated only on sheath G 3b . The perisynaptic space was partitioned in radial (step r 5 25 nm) and tangential (step y 5 208) directions as in Rusakov (2001) with the dimension of the opening being 208 from the vertical. Binding, uptake and efflux are computed for each compartment. Neurotransmitter concentrations were measured at three sites, within the synaptic cleft (at P syn ), in the perisynaptic region containing presynaptic mGluR (at P mGluR ), and at the site of a dialysis probe (at P ex ).
the glial sheath G 3 (Mohan et al., 2010) . Beyond G 3 (at a distance of 0.225 lm from the edge of the synapse), a porous ECS without any XAG or xc-was modeled. For the configuration reported in Figure 1 , the glial environment occupied $13% of total neuropil volume.
Model equations
The mathematical equations were the standard conservation and flux equations described in Pendyam et al. (2009) . A mass balance for glutamate in each compartment yields Eq. 1 (Rusakov, 2001) ,
Where [Glu] represents the concentration of glutamate in a compartment, S R is the surface area between adjacent volume elements in the radial direction, and S T is the surface area shared by adjacent volume elements in the tangential direction. The radial and tangential fluxes into the compartment are denoted by J R and J T , respectively. Each compartment has a volume of V. The term v 1 accounts for the production of glutamate by the xc-and unbinding of glutamate from the transporters, whereas the term v 2 accounts for reduction in glutamate due to transporter binding. The glutamate flux J between adjacent volume elements A and B is computed by Eq. 2,
where [Glu] A and [Glu] B represent concentration of glutamate in compartment A and B, respectively, D is the diffusion constant, and ds is the spatial distance between compartment centroids. For each compartment, this flux is calculated considering the two other compartments connected to it radially, and the two connected in the tangential direction. We monitored the glutamate flux at the edge of the outermost glial sheath (G 3 in configuration 1) to measure its magnitude and direction, because this would help determine the influence of nonsynaptic glutamate on synaptic receptors, as well as the effect of synaptic release on extracellular concentration. The final set of transporter kinetic equations for each compartment, is given by Eq. 3, were taken from Rusakov (2001) and Lehre and Rusakov (2002) , which were based on physiology (Bergles and Jahr, 1998) .
Model constraints
The model should typically satisfy transient and steady-state conditions: (i) Transient synaptic conditions conforming to reported transmitter decay time course [e.g., for glutamate as in (Clements, 1996; Clements et al., 1992; Diamond and Jahr, 1997; Tong and Jahr, 1994) ], (ii) steady-state synaptic concentrations which need to be low to avoid receptor excitotoxicity (e.g., $100 nM for glutamate; Patneau and Mayer, 1990) , and (iii) steady-state extracellular concentrations should not exceed reported basal steady state values (e.g., glutamate basal concentrations are in the range 5.6 6 1 lM for the cortico-accumbens example case; Baker et al., 2003; Sun and Rebec, 2006) with presynaptic stimulation (both low and high frequency cases). The experimentally defined basal (1-3 Hz) and high frequency (12-15 Hz) concentrations of extracellular glutamate were modeled as being at the point P ex in Figure 1 , outside glial region G 3 . The concentration in the synaptic cleft (at P syn ) reached steady state within 5 ms after release (Pendyam et al., 2009 ). The steady-state extracellular concentration measured at P ex was the same as at any other point outside the glial structures, i.e., negligible gradient outside the glial structures. Thus, steadystate concentration at P syn and P ex were considered as output parameters for this study.
Iterative evaluation
Although the model applies to extracellular concentrations from the nanomolar to millimolar range, we now consider a specific synapse that supports extracellular concentrations in the 4-5 lM range. The iterative process for this synapse started with the glial configuration in Figure 1 with parameter values in the lower end of the ranges as shown in Table I , while monitoring the concentrations of glutamate at P syn , P mGluR , and P ex (Fig. 1) parameters were varied to determine values that satisfied model constraints. Based upon studies indicating that the highest densities of XAG were closer to the synapse (Cholet et al., 2002) , G 1 had the highest surface density of XAG (see Table I ). The densities of XAG were varied in glial sheaths G i , such that their relative proportions were maintained, i.e., density (G 1 ) > density (G 2 ) and so on. The equivalent surface density of XAG for configuration 1 (in Fig. 1 ) was determined iteratively by varying it within the range of 550-3780 molecules/lm 2 . Due to the large surface area of the three sheath glial configuration considered, the density values considered were at the lower end of the experimentally reported range (2500-10,000 molecules/lm 2 ; Bergles and Jahr, 1997; Lehre and Danbolt, 1998) .
Experimental estimates of diffusion coefficients (D) in the perisynaptic region (i.e., <1 lm from cleft) have not been reported for synapses with tightly packed glia. In the proposed model, with high-density glia structures close to the synapse, we iteratively determined that diffusion coefficients in the range 0.05-0.1 lm 2 /ms (Table I ) satisfied model constraints. To compute the geometric tortuosity of configuration 1, we performed experiments with a point source as outlined in Tao and Nicholson (2004) . The estimated effective diffusion constant was $10 times smaller than the microscopic D value. Similarly, iterative evaluation resulted in xc-production rate of 10 mM h 21 (Table I) for configuration 1 to satisfy model constraints.
The glial geometry and parameter set derived represent one of the solutions that satisfied model constraints. Multiple solutions may exist based on glial geometry and parameter ranges. To study the role of glial configurations in neurotransmitter homeostasis, we used the present configuration as an example case.
Alternate model configurations
To study the effect of different glial geometries on neurotransmitter homeostasis for other ranges (nanomolar to micromolar range) of extracellular concentration, we considered multiple glial configurations (data not shown). For example, we started with a porous glia geometry [similar to the perisynaptic model described model in Barbour (2001) ; no glial sheaths], where we varied XAG numbers as part of parameter search to study the effect of transporter placement. This porous configuration was incapable of supporting any neurotransmitter gradients due to homogenous distribution of transporters and the absence of impermeable glial structures around the cleft. To further probe the role of glial configurations (orientation, placement, and number of folds) using impermeable sheaths, the following alternate geometries were considered: single sheath models with partial coverage (with 50%, 75%, and 90% ensheathment of synapse), two sheath models (with different orientations), and three sheath models. The impermeable glial sheaths regulate the glutamate flux that lead to neurotransmitter gradients.
Synapses that support low extracellular concentrations (<1 lM) required less than two sheaths, i.e., only partial coverage. For synapses supporting high extracellular concentrations (>1 lM), configurations with multiple glial sheaths were required. Hence, we considered two and three sheath glial models to study their role in maintaining neurotransmitter gradients (configuration 1-3; see Figs. 1 and 2). Configuration 2 was similar to perisynaptic geometry described by Rusakov (2001) and configuration 3 was a variation of configuration 2 with interleaved glial sheaths adding to the diffusion path length (defined as the distance that a molecule travels from the synaptic cleft to the extracellular space).
Model experiments showed that the parameters such as transporter density, diffusion, and xc-production played an important role in neurotransmitter homeostasis. For each configuration, a manual parameter search was conducted in the experimentally reported range for all parameters to determine parameter sets that satisfied all model constraints simultaneously. Furthermore, we developed a reduced order regression model for configuration 1 using the significant parameters to determine how these parameters affected the extracellular concentration.
RESULTS
As cited, an iterative process was used to develop the model satisfying the constraints. We then used the model to obtain insights into the role of geometric and physiological parameters, such as the structure and number of glial sheaths, number of molecules per release, xc-production rate, diffusion coefficient, and XAG density, in establishing homeostasis in neurotransmitter concentrations. The methodology illustrated using the cortico-accumbens synapse is applicable to a general synapse that supports neurotransmitter gradients.
Steady state and transient characteristics
Using the iteratively determined model values listed in Table I , configuration 1 (Fig. 1) satisfied the cortico-accumbens model constraints, i.e., the steadystate extracellular (at P ex ) and synaptic (at P syn ) glutamate concentrations at basal (2 Hz) and high frequency (15 Hz) presynaptic firing frequencies. Parameters that affected the steady-state characteristics are discussed in detail in later sections.
Transient characteristics (measured for 200 ms after release), such as peak concentration and time course of neurotransmitter in the cleft, are critical for synaptic communication and prolonged presence of neurotransmitters in the cleft can cause excitotoxicity (Herman and Jahr, 2007) . The transient decay time course for neurotransmitter in the cleft is typically biphasic with initial peak amplitude of 1-4 mM and with 100 ls and 1-2 ms for the fast and slow time constants, respectively (Clements, 1996; Clements et al., 1992; Tong and Jahr, 1994) . The model proposed in configuration 1 resulted in a peak synaptic concentration of 4 mM, with a biphasic profile and time constants of 120 ls and 2.1 ms, satisfying the transient characteristics. Perturbation studies (varying synaptic parameters by 610 and 620%) revealed that the peak amplitude of neurotransmitter concentration in the cleft depended on the number of molecules released and the size of the cleft. The decay time constants, however, were affected primarily by glial coverage, transporter density, and diffusion coefficient while changes in extracellular neurotransmitter concentrations had no impact.
Influence of glial geometry
To study the influence of glial configurations on the extracellular neurotransmitter concentration, we considered configurations 2 and 3 (see Fig. 2 ; see ''Alternate model configurations'' section) by maintaining the same total number of transporter molecules as configuration 1. Configurations 2 and 3 did not satisfy model constraints (concentration gradients in the micromolar range) using physiological ranges of the parameters cited in Table I . For instance, to maintain extracellular concentrations in the 4-5 lM range as in configuration 1, the minimum synaptic concentration achievable for configuration 2 was sevenfold higher than the model constraint (i.e., 700 nM), and this can lead to excitotoxicity. Configuration 3 satisfied all constraints, but the parameter values (the number of transporters) exceeded physiological ranges by a factor of 2. Thus, configuration 2 was not effective in maintaining synaptic concentration within physiological ranges for micromolar range concentrations at P ex , as compared with configurations 1 and 3. All this highlights the key role played by glial configurations in creating a diffusion path length, and providing ''isolation'' (absent in configuration 2), for the class of synapses that support large (>1 lM) neurotransmitter gradients. However, it should be noted that synapses with lower extracellular neurotransmitter concentrations required far less glial coverage, as discussed later.
Sensitivity to model parameters
For configuration 1, each parameter was varied in the range 6 10-50% of their model values (Table I) to study the relative influence of the parameters on the concentrations at P syn , P mGluR , and P ex . Fig. 2 . Two additional glial configurations used to study neurotransmitter homeostasis in the perisynaptic space (see Fig. 1 for locations where measurements are made). A: Configuration 2: The presynaptic opening reduces the diffusion path length. B: Configuration 3: Intermediate configuration that adds more diffusion path length compared with configuration 2, but not as much as in configuration 1.
Transporter parameters
Total XAG molecules. Increasing the total XAG molecules in the range of 3000-9000 resulted in an exponential decrease in the extracellular and synaptic concentrations (Fig. 3a) . For configuration 1, a 50% decrease/increase in total transporters caused a 33%/ 20% increase/decrease in concentration at P ex . Synaptic steady-state concentration reduced at a faster rate reaching half its maximum value with only a 15% increase in total transporters. This showed that variation in XAG had a much larger effect on the concentration at P syn compared with that at P ex . Increase in total transporter molecules increased uptake, as expected, decreasing concentrations at P ex and P syn .
XAG binding coefficients. The dissociation constant k d (defined as k 21 /k 1 ) for transporters varies depending on the brain region (Lehre and Rusakov, 2002) , and so the model was used to study the effect of varying XAG binding constants k 21 and k 1 . Increasing k 1 and k 2 independently by 50% resulted in the concentration at P ex decreasing by 20% and 15%, respectively. With a 50% increase in k 21 , the concentration at P ex increased by 16%. Further, with a 50% decrease in k 1 , k 2 , and k 21 , the concentration at P ex decreased by 30, 27, and 224% (increase), respectively. These trends may be useful in evaluating the effects of these constants on synapses in other brain regions.
Nonsynaptic neurotransmitter production
As cited, we considered the xc-production rate in the range 10-55 mM h
21
. This resulted in a linear increase in both extracellular and synaptic concentrations, i.e., increase/decrease in xc-production by 50% from the operating point increased/decreased concentration at P ex by 48% and 47%, respectively (Fig. 4a) .
Diffusion coefficient
Increasing the diffusion coefficient in the range 0.025-0.075 lm 2 /ms resulted in an exponential decrease in extracellular concentration, whereas the synaptic concentration increased linearly (Fig. 4b) . A 50% increase/decrease in the diffusion coefficient from its operating point value decreased/increased concentration at P ex by 18%/28% and increased/decreased Table I ) on glutamate concentrations at three spatial locations under basal conditions, for configuration 1. A: An increase in transporters resulted in a significant drop in concentrations at P syn and P mGluR , but only a minor drop at P ex . B: As the forward binding constant (k 1 ) was increased, the concentration of glutamate decreased at P syn and P mGluR , with little change at P ex . C: As the reverse binding constant (k 21 ) was increased, concentrations at P syn and P mGluR increased, whereas concentration at P ex remained constant. D: As the binding constant (k 2 ) was increased, concentration at P syn and P mGluR decreased, whereas it was constant at P ex (see Fig. 1 for locations where measurements are made). concentration at P syn by 30%/33%. Because diffusion controls the rate at which the molecules interact with XAG, concentration at P ex increased as the extracellular molecules had difficulty entering the glial sheaths. Increasing the diffusion coefficient twofold increased synaptic concentration by a factor of 7. Lowering diffusion values helped buffer molecules in the glial structures, facilitating their uptake and leading to a decreased concentration at the synapse.
Molecules per release and presynaptic firing frequency
No significant change in extracellular concentration was observed when presynaptic firing frequencies and number of molecules per release were varied 650% around the model values. Varying the number of molecules per release in the range 2000-20,000 resulted in no change in the concentration at P syn and P ex , for the basal 2 Hz case (Fig. 4c) , indicating rapid clearance by the transporters. As cited, firing frequencies of cortico-accumbens synapses vary from 1 to 15 Hz (Sun and Rebec, 2006) . At the lower range of these frequencies (<8 Hz), varying the number of molecules per release had no significant impact on the concentration at P ex . At higher frequencies (>10 Hz), an increase of about 10% was observed at P ex and a twofold increase was observed at P syn .
In summary, the findings from the parametric studies were that the glial configuration had the greatest impact on neurotransmitter homeostasis, followed by, in order, nonsynaptic sources, transporter densities/binding constants, and diffusion coefficient. These insights have been used to provide guidelines for reverse engineering general synapses, as described later.
Direction of flux reveals influence of nonsynaptic sources on mGluR receptors
To study the influence of synaptic and nonsynaptic sources on autoreceptor activation, we monitored the flux flow at the edge of the glia G 3 in Figure 1 . Synaptic release caused a sudden outward flux at this surface toward the extracellular space. After this transient event, there was a steady lower magnitude flux (driven by nonsynaptic sources, see Fig. 5 ) toward the synapse which lasted till the subsequent release. In all the sensitivity studies (see above), we found that the transient outward flow after synaptic release had little effect on the extracellular concentration, and also did not contribute much to the tone on the mGluR autoreceptors. The tone on these was Table I ) on glutamate concentrations at three spatial locations under basal conditions, for configuration 1. A: An increase in xc-production rate resulted in increased concentrations at P syn , P mGluR , and P ex . B: Increasing diffusion coefficient values resulted in increased glutamate concentrations at P syn and P mGluR , but decreased values at P ex . C: Altering the molecules per release resulted in no change in the concentrations at any location (see Fig. 1 for locations where measurements are made).
largely provided by the steady inward flow after initial transient outward flow. To confirm this, we inactivated synaptic release for the basal 2 Hz (release probability of 0.14) presynaptic firing case and found that the steady influx due to only the nonsynaptic sources resulted in same average steady-state neurotransmitter concentration at P mGluR (measure used to calculate release probability) compared with case when synaptic release was present.
The magnitude of this steady-state inward flux can be used as a measure of the synaptic isolation provided by glial structure with the particular set of perisynaptic parameters. We used the model to measure this steady inward flux at the opening of glial sheath G 1 (see Figs. 1 and 2; between shell i 5 2 and 3 and radial compartment j 5 1), and found that the average steady-state flux values for configurations 1, 2, and 3 were in the ratio 10:1:6. Thus, the synaptic isolation provided by configuration 1 is 10 times higher than by configuration 2 and $1.6 times higher than configuration 3.
DISCUSSION
The computational models provided several insights for general synapses that support gradients in neurotransmitter concentrations between the cleft and the extracellular space. Although configuration 1 was used for several of the studies, the trends are expected to be similar for other configurations also.
Models experiments predict that effective synaptic isolation for synapses with >1 lM extracellular concentrations requires specific glial configurations
It was seen that a configuration with permeable glia could not support neurotransmitter gradients and resulted in a uniform concentration profile throughout the perisynaptic space. We also observed that permeable glia and configurations 2 and 3 resulted in very different neurotransmitter concentration values with the same set of parameters, highlighting the role of glial configuration. Further, configurations 2 and 3 had lower uptake rates compared with the permeable glial configuration, highlighting the importance of transporter placement on glial folds, which, in turn, modulates interactions of transporters with neurotransmitter molecules. Also, an appropriate diffusion coefficient constrained the influx of the neurotransmitter molecules from the extracellular space through the glial sheaths. All this collectively helped achieve synaptic ''isolation'' to maintain concentrations gradients between the synapse and the extracellular space.
The model provided an effective tool to characterize/quantify the interplay between glial configuration, transporter placement, and tortuosity, in generating the required diffusion path length for synaptic isolation and sustenance of neurotransmitter gradients. As an example, Figure 6 shows how the three most sensitive parameters, namely, transporter density, xcproduction rate, and diffusion coefficient might covary to maintain a specific concentration at P ex , for the cortico-accumbens synapse in configuration 1. This characterization further implied that glial configurations for synapses with <1 lM extracellular concentrations have simpler geometric structures and would require comparatively less transporter molecules, and lower or zero nonsynaptic production rates.
The model predicts that extracellular concentrations >1 lM require glial configuration that provide in the range of 1-5 lM were found by concurrently varying total transporters, xc-production rate, and diffusion in the ranges shown in Table I (the three surfaces represent three values for xc-production rate). The other parameters were held constant at model values.
longer diffusion path lengths to increase interaction between the neurotransmitter molecules and glial transporters. Although it appears that a smaller diffusion coefficient and increased binding rates could also cause a similar effect, model experiments showed that these two changes were by themselves insufficient to maintain high (>1 lM) extracellular neurotransmitter concentrations. Hence, for synapses require tighter glial configurations to maintain extracellular concentrations in the >1 lM range.
Nonsynaptic sources are required to maintain micromolar level extracellular concentrations
To study the contribution of synaptic and nonsynaptic sources in maintaining extracellular glutamate concentrations, we varied the number of molecules per release within physiological ranges of 2000-20,000 with no nonsynaptic sources, for configuration 1, at a basal firing rate of 2 Hz. The transporters around the synapse ensured rapid elimination of neurotransmitters even with large number of molecules per release, indicating little impact of molecules/release on extracellular concentration. Even at higher presynaptic firing rates (>10 Hz) that have been reported during bursts (Sun and Rebec, 2006) , no increase in extracellular concentrations was seen at P ex . Thus, neurotransmitter release primarily activates postsynaptic receptors and does not contribute significantly to the extracellular concentration for such synapses.
This, in turn, implies that nonsynaptic glutamate sources help maintain extracellular concentrations, as expected; the model showed this when we eliminated synaptic release. Further, an increase/decrease in nonsynaptic production rate resulted in a proportional increase/decrease in the extracellular concentration irrespective of synaptic release. This shows that, in the proposed model, nonsynaptic sources along with glial sheaths help establish and maintain gradients. Our model results are in agreement with recent microdialysis studies and cell culture/tissue slice experiments (Haydon, 2001; Jabaudon et al., 1999) , which report that glutamate outside of the cleft is not of synaptic origin.
Transporter and nonsynaptic source densities can co-vary to provide tone on presynaptic autoreceptors
The model experiments predicted that under homeostatic conditions, the tone on the presynaptic autoreceptors (mGluR2/3; measured as concentration at P mGluR ) was provided by extracellular neurotransmitter, i.e., there was a constant influx of molecules that established a baseline tone (50%) on the autoreceptor in configuration 1. This prediction was in agreement with experimental reports (Moran et al., 2005; Xi et al., 2002 ) that show tone on mGluR2/3 (at P mGluR in Fig. 1 ) being derived primarily from nonsynaptic sources and stimulating these receptors would affect the synaptic release.
The model also revealed the ratio of xc-production rate to XAG density had to be constant to maintain the same baseline tone on mGluR. During pathological or physiological conditions, dysregulation of one of the mechanisms, e.g., xc-or XAG, could be compensated by the other mechanisms to maintain tone. This prediction was recently validated in cocaine affected cortico-accumbens synapses where the glutamate transporter GLT-1 were downregulated (Kalivas, 2009; Knackstedt et al., 2010) to compensate for decrease in xc-production previously reported for these synapses (Baker et al., 2003) .
Model experiments suggest a correlation between transporters and xc-production and that synapses with smaller gradients require less glial coverage and fewer transporters. To avoid excitotoxic damage, this would also suggest that these same regions might have markedly lower levels of xc-density. Support for this comes from a comparison of reported extracellular concentration (glutamate), glial coverage, and xcdensity levels for synapses from five different brain regions: hippocampus (mossy fiber-CA3), cerebellum (climbing fiber-Purkinje cell), cortex (input synapses to layer 5 pyramidal cells), striatum, and nucleus accubens. Specifically, extracellular glutamate concentrations for these synapses were as follows: 25 nM for hippocampus (Herman and Jahr, 2007) , 600 nM for cerebellum (Mark et al., 2001 ), 1.2 lM for cortex (Baker et al., 2003) , 2.4 lM for striatum (Baker et al., 2003) , and 5.6 lM for accumbens (Baker et al., 2003) . These concentrations were correlated to the glial coverage: synapses in hippocampus had no significant glial coverage (Rollenhagen and Lubke, 2006) , only 50% of cerebellar synapses had about 90% coverage (Xu-Friedman et al., 2001) , whereas cortical synapses were completely covered with glial processes (Rollenhagen and Lubke, 2006) , and dense glial coverage was observed in the striatum (Villalba and Smith, 2011) . Our previous modeling study suggested that accumbal synapses are densely ensheathed by glia (Pendyam et al., 2009) .
Also, a correlation was seen between xc-exchanger density and extracellular concentration levels for different synapse types. The density of xc-exchangers in the cortex is 2.4-fold higher than in the cerebellum (Warr et al., 1999) . This provides validation for the model prediction that extracellular concentration is correlated to glial coverage and to the density of xc-.
Synaptic glial configuration can be proposed for a given extracellular concentration
We used the example case cortico-accumbens synapse to illustrate how the reverse engineering insights related to glial coverage, transporter placement, and diffusion coefficient values can be used to propose probable synaptic glial configurations, for a specified extracellular concentration. It should be noted that other glial geometries that provide the same resistance to flow would also be feasible candidates.
Proposed configurations for concentrations <1 lM at P ex For synapses with extracellular concentration values (at P ex ) less than 1 lM, all three proposed configurations (see Figs. 1 and 2) were feasible. That is, they satisfied the transmitter decay profile, steadystate synaptic concentration to avoid receptor excitotoxicity (<100 nM), and supported extracellular concentrations within the 1 lM range for high presynaptic frequencies. Configurations 1 and 3 achieved concentration levels less than 1 lM with lower transporter densities (<2500 molecules/lm 2 ; other predicted parameters in Table II ) compared with configuration 2 which required transporter densities in a range of 2500-5000 molecules/lm 2 . It should be noted that in addition to configuration 1-3, other configurations such as a one sheath glial model with partial coverage (with 50%, 75%, and 90% ensheathment of synapse) satisfied model constraints for neurotransmitter concentration in the range <1 lM.
Proposed configurations for concentrations of 1-5 lM at P ex Configurations 1 and 3 achieved extracellular concentrations in the range of 1-5 lM and simultaneously satisfied model constraints. Configuration 3 required more than twofold increases in transporter density (4500-7500 molecules/lm 2 ) and xc-production rates (40-65 mM h
21
; other predicted parameters in Table II ), compared with its <1 lM case. Configuration 1 required transporter density of 1500-4500 molecules/lm 2 and xc-production rates in the range 10-40 mM h 21 to maintain extracellular concentration in the range 1-5 lM at P ex . As cited, configuration 2 could not maintain extracellular concentrations >1 lM with P syn within the 100-200 nM range, and with parameters within physiological ranges.
Proposed configurations for concentrations of >5 lM at P ex For extracellular concentrations greater than 5 lM, configuration 1 with three glial sheaths satisfied all model constrains. When compared with the 1-5 lM case, this required a twofold increase in both the transporter density (3000-10,500 molecules/lm 2 ), and xc-production rate (40-75 mM h
; other predicted parameters in Table II) . So, for synapses with large neurotransmitter gradients, the glial coverage is predicted to be very tight.
In summary, the proposed model provides guidelines for the selection of glial configurations and parameter values (e.g., transporters, nonsynaptic sources, and diffusion coefficient, as in Fig. 6 ) for general synapses supporting gradients.
Reduced order model to predict extracellular concentration
The sensitivity analysis revealed that xc-production, transporter density, and diffusion coefficient were the key parameters to predict extracellular concentration for configuration 1, which has the synaptic ''isolation'' necessary to maintain extracellular concentrations in the micromolar range. This implies that we might be able to develop a reduced order model to calculate the extracellular concentration, given the range of transporter density, production rate of nonsynaptic sources, and diffusion coefficient. Such a reduced order model was developed based on estimates from configuration 1. Initially, we held xcproduction constant at 100 molecules/ms (or 9.96 mM h
21
) and varied both transporter density and diffusion coefficients in the range reported in Table I and determined the corresponding extracellular concentration levels. To relate the two parameters to extracellular concentration (for a fixed xc-rate), we found the reduced order model shown in Eq. 4,
In Eq. 4, T is transporter density (molecules/lm 2 ) and D is diffusion coefficient (lm/ms). Now varying the third parameter, xc-productions rate, we found the relationship between the coefficients a, b, and c in Eq. 4 and xc-production rate (mM h 21 ). For configuration 1, coefficient ''a'' was of a polynomial form }, respectively. In addition to the finding that extracellular concentration could be completely characterized by xc-production rate, transporter density, and diffusion coefficient, the reduced order model reveals that uptake rate also depends on xc-production.
The model in configuration 1 can used to achieve extracellular concentrations within the range 0.7-15 lM by varying xc-production, transporter density, and diffusion coefficient within their own specific ranges, via a relationship described in Eq. 4.
Limitations and future work
Glial configurations very close to synapses are not well understood, particularly for synapses that support gradients between the cleft and the extracellular space. Accordingly, the configurations proposed should be viewed as being only equivalent in that they provide the same resistance to the flow of neurotransmitter such as spines, small axonal boutons, and microglia. Refined experimental estimates for the ranges of many of the parameters (Table I) would enhance model predictions. In particular, diffusion coefficients close to the synapse have not been reported and model predictions show that they have to be somewhat low for homeostasis under the conditions considered. It is also noted that the xc-exchanger model had a constant glutamate release. In reality, increase in extracellular concentration would inhibit the influx of cystine by ''homoexchange'' with glutamate, reducing the production of glutamate (Warr et al., 1999) . In model experiments, the steady-state extracellular concentration variations seen in parametric studies (e.g., change in transporters, diffusion, and release properties excluding changes in xc-production) were within 10-20% of basal values, so we assumed a constant efficiency for the xc-exchanger. Future models could include a kinetic scheme for xc-exchange with dependence on both glutamate and cystine concentrations. As cited earlier, there is lack of consensus on the range of extracellular neurotransmitter concentrations in vivo due to the different types of estimation methods used. However, the proposed model is independent of the extracellular concentration levels and provides a framework to study the mechanisms required for maintaining homeostasis for a wide range of extracellular concentrations, from nanomolar to micromolar levels. On-going studies are focused on gaining additional insights using Monte Carlo approaches with stochastic molecular dynamics and boulder-like glial structures and to develop multiple synapse models to study cross-talk between synapses.
CONCLUSIONS
A computational framework was proposed to reverse engineer glial configuration and parameters for a class of synapses that support neurotransmitter gradients between the cleft and the extracellular space. The models provided several insights and predictions pertaining to the role of glial configuration in isolating the synapse and to the relative importance of parameters such as glial configuration, diffusion coefficient, transporter density and distribution, molecules per release, and nonsynaptic production, on neurotransmitter homeostasis. Consistent with experimental reports, the model predicted that nonsynaptic sources are necessary for both neurotransmitter homeostasis and for maintaining tone on the presynaptic autoreceptors, for the example case. The proposed computational models and the trends they predicted are applicable to general synapses that support gradients.
